In functional neuroimaging (fNIRS), elaborated sensing geometries pairing multiple light sources and detectors arranged over the tissue surface are needed. A variety of software tools for probing forward models of radiation transport in tissue exist, but their handling of sensing geometries and specification of complex tissue architectures is, most times, cumbersome. In this work, we introduce a lightweight simulator, Monte Carlo Radiation Transport Simulator (MOCARTS) that attends these demands for simplifying specification of tissue architectures and complex sensing geometries. An object-oriented architecture facilitates such goal. The simulator core is evolved from the Monte Carlo Multi-Layer (mcml) tool but extended to support multi-channel simulations. Verification against mcml yields negligible error (RMSE~410e-9) over a photon trajectory. Full simulations show concurrent validity of the proposed tool. Finally, the ability of the new software to simulate multi-channel sensing geometries and to define biological tissue models in an intuitive nested-hierarchy way are exemplified.
INTRODUCTION
Diffuse Optical Imaging (DOI), also known as functional Near infrared Spectroscopy (fNIRS) when applied to neuroimaging, exploits the optical window to noninvasively monitor function of biological tissues such as brain [1] , breast [2] or muscle [3] . DOI measures the optical attenuation ascribable to the cromophores present in the tissue, and capitalizes on the different extinction spectra of those chromophores. The physical process of light-tissue interaction, known as image formation, encodes in the remitted light, information about tissue histology and physiology. Radiation transport in matter obeys the radiation transport equation (RTE) [4] which has only been solved for specific cases, and thus more tractable approximations such as diffusion theory [5] are popular.
A number of software tools have been developed to simulate radiation transport in biological matter. Among others; NIRFAST [6] , TOAST [7] , GEANT4 [8] , MCX [9] and Monte Carlo Multi-Layer (mcml) [10] . Each one of these uses a different model of light propagation and exhibits varying capabilities. The first two are based on diffusion theory. The last three use the Monte Carlo method (although GEANT4 is also able to simulate other kinds of particles). In particular, mcml has become one of the most popular and widely used simulation tools despite its interface limitations. For instance, mcml is unable to simulate several sources of light at once, tissue specification is not friendly nor flexible as soon as one deviates from flat homogeneous layers, and input and output format and data is rigid. This paper presents a simulator of radiation transport in biological media. The new simulator, inspired on mcml, addresses three main interface shortcomings of its predecessor. First, it provides a flexible way to describe biological tissues in a more intuitive and reusable manner. Second, it provides support to define and simulate multiple light sources and detectors that can be arranged in complex sensing geometries. And third, the formatting and organization of the input and output data is redefined over a more human-readable XML file format.
LIGHT PROPAGATION
Light interaction with matter can be described as a succession of absorption and scattering events. The latter generalizing specific boundary phenomena such as reflection, refraction and diffraction, and for biological media it follows the Mie regime [11] . Several models of radiation transport exist. The more general is the RTE, a balance equation (1) 
In the above equation, is the speed of light in the medium, is the radiance at point in time and direction , and are the absorption and scattering coefficients respectively, is the phase function representing photon scattering from direction to and is the light source. Analytical solutions to this equation are limited to homogeneous tissues and non complex geometries. A derivation of the RTE, known as Diffusion Equation [5] has been used in complex scenarios through the use of numerical methods [13, 6] . Other numerical approximations include Kubelka-Munk theory [14] and Inverse AddingDoubling [15] . A probabilistic alternative approximation to the RTE is based on the Monte Carlo (MC) method [16] . MC simulations approximate the RTE sampling two probability distributions that jointly model the propagation phenomena [17] . Figure 1 shows the general flowchart for such procedure. The main disadvantage of this technique is the high computational cost required to afford a good approximation to the solution. 
MOCARTS: THE NEW RADIATION TRANSPORT SIMULATOR
The core of the simulator developed in this work, MOCARTS, is founded in mcml. However, MOCARTS has been coded in Java and redesigned under the object-oriented paradigm (the original mcml was developed in C under the structured paradigm) in order to provide a portable and flexible tool and allowing the possibility to grow by independent modules. We only briefly describe the main features here, but a full description of the tool can be found in [18] . The software is available from; http://ccc.inaoep.mx/~f.orihuela-espina/Src/MOCARTS/.
Radiation transport simulation
MOCARTS has been developed under the same basis as mcml, i.e., physics governing light-tissue interaction was simulated with the Monte Carlo method considering the same two probabilities distributions: a negative exponential for the length of the photon step and Henyey-Greenstein for the angle of scattering direction. Analogous to mcml, photon scattering at the boundaries between layers are treated especially because these consider the differing refractive index between the layers according to Fresnel law. Light propagation is simulated launching one photon at a time.
Flexibilization of the input parameters and tissue model specification.
In mcml, tissue specification is given by defining the optical properties of a set of flat homogeneous piled layers that compose the modeled tissue. In MOCARTS a nestedhierarchy format is proposed to define tissues in a more intuitive, reusable and readable manner (Figure 2) . 
Characterization of sensing geometries
Other input parameters regarding simulation have been made flexible. Mainly, sensing geometries are now more detailed capturing the definition of light sources (LS) and detectors (D) at explicit locations. Channels pairs LS-D are defined as an attribute of the detector setting the corresponding light source(s) from which the detector can accept light. In mcml, physical quantities are stored in a 2D matrix, by collapsing the radial information since only one source is simulated and the receptor is never explicitly modeled. Hence, MOCARTS departs in this aspect using a 3D matrix instead. This is because with multiple irradiation sources, light absorbed, reflected or transmitted must be identifiable for each light source to be analyzed, studied and/or captured by the possible multiple detectors. Figure 4 shows the new flowchart of the simulation process. Simulations of multiple sources are carried out one at a time. To provide traceability of the energy deposited by each light source, we use a three dimensional array where a linked list structure in each cell encode where every transport event has occurred. Every node in the list stores the values of the absorption, reflection or transmission at that location for every corresponding light source. Figure 5 schematically depicts the proposed data structure. 
EXPERIMENTS AND RESULTS
To assert the correctness function of MOCARTS verification and validation was performed. For the following results, a 4 layer tissue model of the human head was defined to serve as a testbed. The optical properties listed in Table 1 were taken from [19] . 
Verification
During the verification, we confirm that MOCARTS behaves exactly as its predecessor mcml for strictly controlled input where the stochastic seed of the random number generator is fixed. Simulations were carried out with 10 4 , 10 5 and 10 6 photons. The compared endpoints, according to the Root Mean Square Error in Eq. 2, were the individual photon trajectory as well as the total absorption, reflectance and transmittance. Verification results are summarized in Table 2 and different rounding made by the logarithm functions in the C and Java compilers was found to be responsible for the discrepancy. 
Concurrent Validity
We hypothesized that both tools should lead to probabilistically similar results (concurrent validity). Thus, to validate the tool we carried out an experiment where the factor is the tool with two treatments; MOCARTS (intervention) and mcml (used as gold standard control). The experimental unit is the head model from where the observations are retrieved. As the control only allows simulations of one source of radiation, the number of sources was set to one. Unlike during verification, here the random number generator seed is not fixed, and hence replication was used to assert no significant difference exists in the results. Figure 6 shows the measured absorption, reflectance and transmittance for simulations with 10, 10 
Simulation of multichannel sensing geometries
Finally, to show the extra functionality of MOCARTS to deal with complex sensing geometries simulations, an example is shown in Figure 7 for a configuration of 5 light sources (blue) and 4 detectors (red) as well as a simulation in a model of the human head based on a MRI image. 
DISCUSSION AND CONCLUSIONS
Analytical solutions to radiation transport are difficult and thus computational simulations are now a popular tool for addressing questions of image formation. The probabilistic Monte Carlo model, despite being computationally expensive can produce excellent approximations when the tissue optical properties are accurately described. A number of simulators with varying degree of complexity are available. Here, we have verified and validated a novel lightweight alternative, MOCARTS, which inherits from mcml its physics engine but additionally offers three interface advantages; easy complex sensing geometries simulation, nested tissue characterization and XML based input/output formatting. Our next step for improving the tool shall be the parallelization of the individual photon simulation.
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